We have systematically investigated the effect of various gold patterns on the bending profile and frequency response of a microcantilever. The gold patterns were deposited on the cantilever arrays using four types of shadow mask. The local bending profile, slope, and curvature varied depending on the area and position of the gold pattern. Also, the variations in the first three modes of the flexural resonance frequencies of the gold patterned cantilevers were measured to understand the opposing effects of mass loading and flexural rigidity; both of these parameters are dependent on the position and area of the gold pattern. The experimental results validated the theoretical one-dimensional model introduced by Tamayo et al. ͓Appl. Phys. Lett. 89, 224104 ͑2006͔͒ and our calculations using the finite element method. The gold patterns giving the maximum response of the mass loading and flexural rigidity change were determined by examining how the relative resonance frequency shifts as a function of the distance of the gold coating from the free end or clamping region. The results of this study can potentially be applied in the design of a microcantilever sensor in which pattern analysis is utilized to determine the presence of adsorbed biological and chemical molecules.
I. INTRODUCTION
Microcantilevers have been widely used as highly sensitive sensor platforms for the label-free detection of chemical and biological analytes. [1] [2] [3] [4] Microcantilever sensors have two operational modes: the static mode and dynamic mode. The static mode measures the variation in the deflection of a cantilever due to adsorption-induced surface stress changes, while the dynamic mode measures the variation in the resonance frequency of a cantilever due to adsorption-induced mass or stiffness changes. 5, 6 The mass adsorbed on a microcantilever generally decreases the resonance frequency when the adsorbed mass is uniformly distributed. However, in spite of adding mass to the microcantilever, the resonance frequency often increases due to surface stress-induced changes in the spring constant. 7 Recently, Ramos et al. [8] [9] [10] and Tamayo et al. 11 demonstrated that the position and stiffness of adsorbed Escherichia coli bacteria on a cantilever affect the resonance frequency shifts. The frequency response of a microcantilever depends not only on the position of the added mass but also on the flexural rigidity change that results from the position and stiffness of the adsorbate.
The deflection of cantilevers has been used for highly sensitive and selective measurements of thiol self-assembled monolayers and biomolecules. 12, 13 A thin gold film is typically coated on one side of the microcantilever in order to selectively functionalize the surface of the cantilever with thiol compounds. However, the gold coating produces significant residual stress that affects the sensitivity and reproducibility of the cantilever's response to molecular adsorption.
14 Several studies [14] [15] [16] have investigated the origin of variation in the surface stress of fully gold-coated cantilevers along with the sensitivity and reproducibility of their static response to molecular adsorption. However, a detailed systematic study of partially gold-coated cantilevers has not been performed and is needed to completely understand the variation in the deflection of cantilevers.
Single optical beam deflection systems have generally been employed to measure the variation in the deflection of the cantilever's end position assuming constant bending in Stoney's equation. However, deviation from a constant radius of curvature can occur during the adsorption process on the cantilever. As a result, the bending profile of a cantilever has recently been measured in order to fully understand surface stress-induced changes in curvature using several methods such as multiple-point laser signal transductions, 17 profilometers, 18 and interferometry. 19 Although the bending profile of a partially coated cantilever has been captured and analyzed to determine how the adsorbate position influences local changes in curvature, 9 the effects of the adsorbate position on the cantilever bending profile still need to be systematically investigated. Unfortunately, a recent related study that focused on the adsorption of E. coli bacteria reported large uncertainties for important parameters such as the elastic modulus, added mass, and coated area.
Here, we describe a more reliable and systematic method to fully understand how the cantilever bending profiles and frequency responses vary with the position of adsorbate and the extent of adsorption. The gold patterns were deposited on the cantilevers using four types of shadow mask. The thin gold film on the microcantilevers induced tensile stress due to residual surface stress. Variations in the position and area of the gold film on the microcantilevers resulted in different bending profiles. The resonance frequency was measured by recording the frequency spectrum of acoustically actuated cantilevers in dry nitrogen. Variations in the first three modes of flexural resonance frequencies were determined for the gold patterned cantilevers. The experimental results verified the theoretical one-dimensional model of Tamayo and co-workers [8] [9] [10] [11] as well as our computational calculations using the finite element method ͑FEM͒. The conditions that resulted in the largest response in mass loading and flexural rigidity change were determined by examining the relative resonance frequency shifts as a function of gold coating distance from the free end or clamping region.
II. MATERIALS AND METHODS

A. Preparation of gold patterned microcantilevers
We used commercially available arrays of eight silicon cantilevers. The cantilever arrays were purchased from Concentris ͑Basel, Switzerland͒. Each cantilever in the array was 500 m long, 100 m wide, and 1 m thick, and had a spring constant of ϳ0.026 N / m. The shadow metal masks used for the gold patterns were obtained from ALTUS Inc. ͑Yongin, Korea͒. Figure 1 shows the optical images of four representative gold patterned cantilevers ͑left column͒ and the corresponding masks on the cantilever arrays ͑right column͒. The size and position of the gold pattern on each set of cantilevers were similar to those on the corresponding mask within Ϯ4 to 5 m. Four different masks ͑types A-D͒ were used to deposit different gold pattern sizes at various positions along the length of the cantilevers. As is shown in Fig.   1 , 500 m long cantilevers were divided into eight regions for type A and five regions for type B. 1-5, respectively . In comparison with the cantilevers 1 and 8, the gold patterns on cantilevers 6 and 7 in type B were originally designed to study the difference between cantilevers with and without gold coating extending to the clamping region; however, due to unsuccessful confinement of the gold coating to the clamping region, the experiments could not be performed and hence no data are presented for these cantilevers. Types C and D produced gold patterns that were systematically increased stepwise by 62.5 m from the free end region and clamping region.
Each cantilever array was coated with 3 nm of titanium followed by 20 nm of gold at a deposition rate of 0.05 nm/s; the metal layers were deposited through the shadow masks by thermal evaporation. The coating thickness of the cantilevers was determined with an atomic force microscope ͑Veeco, Santa Barbara, CA͒.
B. Measurement of the bending profile and the resonance frequency
Bending profiles of each cantilever array before and after gold coating were measured using a Wyko NT1100 optical surface profiler ͑Veeco, Santa Barbara, CA͒ that utilizes white light interferometry for high resolution threedimensional ͑3D͒ surface measurements. The bending profile measurements were performed at a constant temperature of 20°C, which was maintained using a Peltier thermoelectric system.
The resonant frequency of an acoustically excited cantilever was measured with a spectrum analyzing LABVIEW program and data acquisition board ͑National Instruments, Austin, Texas͒ connected to a multimode atomic force microscopy head ͑Veeco, Santa Barbara, CA͒. The acoustic excitation was supplied by the piezoelectric metal holder actuated by a function generator ͑Stanford Research Systems, Sunnyvale, CA, USA͒. The relative humidity was maintained below 1% by using dry nitrogen during the measurement and was monitored using a commercial moisture sensor ͑Pi-cotech, Cambridgeshire, U.K.͒. The resonance frequencies of the cantilevers were measured at room temperature. We found that the resonance frequencies were almost constant when the cantilever was heated from room temperature to 100°C.
C. Theoretical and computational calculation of the resonance frequency of a gold patterned microcantilever
To understand the effect of gold patterning on the frequency response of a microcantilever, the differential EulerBernoulli beam equation modified to accommodate the par- tial gold coating was employed. [8] [9] [10] [11] The differential equation of the vibration is given by
where u͑x , t͒ is the flexural displacement, x is the spatial coordinate along the cantilever, t is time, W is the width of the cantilever, c and T c are the mass density and thickness of the cantilever, g and T g are the mass density and thickness of the gold film on the cantilever, and D͑x͒ is the cantilever flexural rigidity given by
where E c and E g are the Young's moduli of the cantilever and gold film, respectively. By applying Rayleigh's method, the resonance frequency is obtained as
where n is the nth mode angular resonance frequency, L is the length of the cantilever, and n is the nth flexural vibration mode shape of the unloaded cantilever. The cantilever structures were simulated with finite element software ͑COMSOL MULTIPHYSICS͒. The dimensions of the cantilevers and gold patterns used in the simulation were the same as those used in the experiments. The mesh of two-dimensional analysis consisted of 1 ϫ 1 m 2 squares. Air-structure interactions were not considered.
The relative frequency shift in each resonant mode was calculated by dividing the nth mode resonance frequency shift ͑ n − n,0 ͒ by the nth mode resonance frequency of the bare silicon cantilever n,0 .
III. RESULTS AND DISCUSSION
A. Bending profiles of gold patterned microcantilevers
White light interferometry was used to characterize the bending profiles of the cantilever arrays with various gold patterns. Figure 2 shows the reconstructed 3D profiles and interference fringes for the different types of cantilever array. The bending profiles of the silicon cantilevers were also measured before the gold coating was added. The intrinsic deflection of the uncoated silicon cantilevers was less than 80 nm and the deviation in deflection for each cantilever in the array was less than 50 nm. This indicates that the 3D profiles for types A-D represent actual cantilever bending that is induced by the residual stress of gold film deposited on the cantilevers. The interference fringes shown on the right of Fig. 2 correspond to the 3D profiles on the left of the figure. Clear and dense interference fringe patterns were observed at the sharp bending area of the gold patterned cantilevers. The gold patterned cantilevers bent upward due to the residual tensile stress of the gold film. The residual tensile stress is related to the nanostructure of the gold film and the formation of well-defined grain boundaries. The grain boundaries that are formed at the expense of strain energy in the grains induce a large tensile stress upon the cantilever. 14 The upward bending displacement of the fully coated cantilever in each array was about 5 to 6.5 m. The overall difference in displacement was within 1.5 m and is presumably due to intrinsic variations in each array. To normalize the bending profiles, each deflection of partially gold coated cantilevers was divided by the maximum deflection of the fully coated cantilever in each array. For type A, which did not include the fully gold coated cantilever, the bending profiles were normalized by the total sum of maximum deflections in cantilevers 1-8. Figures 3͑a͒ and 3͑b͒ show the normalized bending profiles for type A ͑100ϫ 62.5 m 2 ͒ and type B ͑100 ϫ 100 m 2 ͒. The partially coated cantilevers bent upward at the beginning of the gold films and different bending profiles of cantilevers were observed for different positions and areas of the partial gold coating. The bending profiles of type A cantilevers 1-8 ͓Fig. 3͑a͔͒ show parallel bending profiles from the end of each gold coated region. This bending profile is due to each gold coated region having approximately the same local curvature coupled to nonbending of the free ends of the cantilevers. The similar bending profile was clearly observed for type B cantilevers 1-5 ͓Fig. 3͑b͔͒ but with larger deflection due to greater local bending curvature that is induced by the larger gold coating areas. In addition, this verifies that the same local curvature is induced by the same area of gold coating because the sum of each bending profile for cantilevers 1-5 is similar to the bending profile for the fully gold-coated cantilever ͑cantilever 8͒.
The insets of Figs. 3͑a͒ and 3͑b͒ show the local curvatures derived from the cantilever profiles in types A and B respectively. The curvature ͑1 / R͒ and the slope can be approximately defined as second and first derivatives of the cantilever profiles with respect to the position of the cantilever. The local curvatures were ϳ0.05 mm −1 at gold-coated areas, which is similar to the curvature observed for the fully gold-coated cantilever. The curvature of the uncoated silicon area was zero because the slope of the uncoated silicon area was zero or constant. These results imply that the position and area of the gold patterns on the cantilevers can be determined by all of the following: the bending profiles, changes in the bending slope, and the local curvature.
In order to understand how the bending profiles of cantilevers are affected by the area of the gold pattern, types C and D cantilevers were prepared ͑Fig. 1͒. Figures 4͑a͒ and   4͑b͒ show the bending profiles of gold patterned cantilevers having a 62.5 m stepwise increase in the distance from the free end and clamping region, respectively. The deflection of types C and D cantilevers gradually increased as the gold coating area increased and the bending profiles of the partially coated cantilevers approached the bending profile of the fully gold coated cantilever ͑cantilever 8͒. As is demonstrated in Fig. 4͑a͒ , the gold films on the type C cantilevers changed the local bending profile of the cantilevers at the gold coated regions. The bending profile of the cantilevers clearly showed the local curvature at the gold coated areas. Each type D cantilever in Fig. 4͑b͒ showed local bending curvature at the gold coated regions and a tangent line at the end of the gold coated region.
Although it is difficult to identify the gold coated regions on the cantilevers from the bending profiles in Fig. 4͑b͒ , the gold coated region on each cantilever can be clearly determined from the slope of the profile ͓Fig. 4͑b͒, inset͔. The slopes of the gold coated regions continually increase, whereas those for the uncoated silicon region are nearly constant. This indicates that the bending slope of the uncoated silicon region in type D is determined by the gold coating length. The above results imply that the bending magnitude of a partially coated cantilever can be controlled by both the coating position and the coating area. Figure 5 shows the effect of the gold coating position on the first three modes of flexural resonance frequencies for the type A cantilever array ͑cantilevers 1-8͒. The quality factors of the cantilevers were slightly increased after the gold coating due to the increase in the total vibrational energy. 20 We compared the experimental data to theoretical predictions and FEM calculations. The symbols and lines represent the experimental data ͑solid symbols͒, simulation results ͑open symbols͒, and theoretical values ͑lines͒ of the relative frequency shifts for the first three resonant modes. The theoretical predictions and FEM results provide trend curves that correspond well with the experimental data. This indicates that the theoretical one-dimensional model developed by Tamayo and co-workers and FEM analysis can be used to predict the present experimental data, although slight deviations in the magnitude of the frequency shifts are still observed. The discrepancy in Fig. 5 can be explained by the following: ͑1͒ the theoretical model and FEM calculations do not take into account environmental and internal damping of cantilever vibrations and ͑2͒ the assumed vibration shapes of a cantilever in the one-dimensional model and FEM calculations are different from those for a gold patterned cantilever.
B. Frequency responses of gold patterned cantilevers
The mass and flexural rigidity have opposite effects on the resonance frequency shifts. 7 In Fig. 5 , the gold patterns near the free end region on cantilever 1 caused a decrease in frequency due to the increase in mass, while the gold patterns near the clamp region on cantilever 8 caused an increase in frequency due to an increase in flexural rigidity. The relative resonance frequency shifts of the fundamental mode for the cantilevers in Fig. 5͑a͒ are generally greater than the others because the vibration shapes of a cantilever in higher modes ͓Figs. 5͑b͒ and 5͑c͔͒ have nodes and antinodes that weaken the mass and rigidity effects. The local maxima and minima of the relative frequency shifts are related to the positions of the nodes and antinodes. Thus, the positions of the nodes and antinodes can be resolved by analyzing the frequency responses of a finely patterned cantilever. In addition, positions that induce zero frequency shifts in various vibration modes are observed in Fig. 5. Figures 5͑b͒ and 5͑c͒ display the multiple zero crossover positions of the higher modes that are induced by the gold coating on the nodes. The coating positions induce positive frequency shifts only when they are located near the clamping region because the rigidity effect at the clamping region is higher than the mass effect; the rigidity effect at the other nodes is cancelled by the mass effect. The crossover positions of the first mode near the clamping region are ϳ190 m. Thus, the flexural rigidity effect is the same as the mass effect at X 0 = ϳ 0.38 L for the first mode.
To understand the positive frequency shifts in cantilevers coated near the clamping areas, the frequency shifts in types C and D cantilever arrays were measured. Figure 6 shows the relative frequency shifts in the first three modes for types C and D. As shown in Fig. 6 , the minima and maxima of the fundamental resonance frequency shift are observed for different coating lengths because the mass competes with the flexural rigidity. As the distance between the gold coating and the free end region increases for type C ͓Fig. 6͑a͔͒, the frequency decreases ͑cantilevers 1-5͒ until the flexural rigidity effect overrides the mass effect. In contrast, as the distance between the coating and the clamping region increases for type D ͓Fig. 6͑b͔͒, the frequency increases ͑cantilevers 1-4͒ until the mass effect overrides the flexural rigidity effect. The coating distances at the minimum and maximum fundamental resonance frequency shifts in Figs. 6͑a͒ and 6͑b͒ are 312.5 and 250 m, respectively, which are close to the zero crossover position observed in Fig. 5͑a͒ ͑X 0 = ϳ 190 m͒. From this observation, we determined that the gold coating distance giving the maximum response of the flexural rigidity effect is ϳ200 m from the clamping region. As long as the evaporated materials are uniformly deposited onto the cantilever, the maximum positive fundamental frequency shift will be achieved. On the other hand, if the materials are uniformly deposited at a distance of ϳ300 m from the free end region, the maximum negative fundamental frequency shift will be observed. As expected, the larger the area of the patterned gold coating, the larger the frequency decrease in the second and third modes. To confirm the reliability and reproducibility of the relative frequency shifts in Figs. 5 and 6, we generated the gold patterns used in type A derived from area differences of gold patterns used in each type C and D cantilever. For example, the gold pattern on cantilever 2 of the type A array was derived from the area difference between cantilever 2 and cantilever 1 in type C. The schematic in Fig. 7 depicts the dimensions and positions of gold rectangles derived from type C ͑solid rectangles͒ and type D ͑open rectangles͒. Figure 7 shows the relative frequency shifts in the first three modes versus the position of the gold rectangles derived from type C ͑solid symbols͒ and type D ͑open symbols͒. The experimental data were compared to theoretical results ͑lines͒. The relative frequency shifts in Fig. 7 were similar to the frequency responses in Fig. 5 , which confirms that the frequency shift data in Figs. 5 and 6 are reliable and reproducible.
IV. CONCLUSIONS
In summary, we describe a reliable and systematic method to study the variations in bending profiles and frequency responses of cantilevers that have been treated with gold coatings that vary in position and area. Changes in the position and area of the partial gold patterns on the cantilevers were reflected in the local bending profiles, slope, and local curvatures because the gold patterns produced various types of bending profiles. The same length of partial gold patterns induced parallel bending profiles of the cantilevers because the same curvature was present at the gold coated region. The sum of each bending profile of the equally divided patterns was similar to the bending profile of the fully gold coated cantilever.
In addition, we observed that changes in the frequency modes were determined by the position and area of the gold film because the mass and the flexural rigidity had opposite effects on the resonance frequencies. We also determined the highest and lowest sensitivity of mass and flexural rigidity by using frequency shifts in the increasing gold patterns from the free end or clamping region. To elucidate how the frequency shifts vary with the position and area of the gold, the experimental harmonic frequencies were compared to the results of a theoretical one-dimensional model and FEM. Both the theoretical model and the simulation showed trend curves that were similar to the experimental data. These results provide information that can be used to improve the sensitivity and reproducibility of both deflection and frequency measurements and can be extended to other adsorbates including biological and chemical molecules. FIG. 7 . ͑Color online͒ Relative frequency shifts for the first three modes as a function of the center position ͑X 0 ͒ for eight pieces of imaginary gold rectangles ͑62.5 m long by 100 m wide͒ derived from area differences of gold patterns on each neighboring cantilever in type C ͑solid rectangles͒ and type D ͑open rectangles͒: first ͑black squares͒, second ͑red circles͒, and third ͑green triangles͒. The colored lines represent theoretical calculations. The schematic depicts the dimensions and positions of the gold rectangles.
